The 2015 Mw 7.9 earthquake occurred in the Nepal Himalaya between the Indian and Asian plates. The gravity modelling has been carried out along a 2D trench-orthogonal profile passing through the epicentre of this earthquake. The projections of mainshocks and aftershocks show their major confinement around the bending segment of the Indian upper crust (IUC). The operative shallowly plunging maximum compressive stress led to the accumulation of strain energy around the bending zone of the IUC, and triggered thrust-dominated southward movement of the Indian crustal block along a shallowly, dipping shear plane in the anisotropic layer. This can be broadly explained by three-stage rupture processes: the first one was associated with slow nucleation and rupture growth for early ~15 sec, the second one migrated upward, rupturing the uppermost part of the IUC for the next ~10 sec, and the third one propagated very fast during deformation for the remaining ~25 sec till the fracture-tip reached the overlying brittle Asian crust.
THE present study aims at understanding the tectonogenesis behind the occurrences of two recent great earthquakes of magnitude (Mw) 7.9 and 7.2 during April-May 2015 beneath the Nepal Himalaya. Segment-specific seismic activities 1, 2 , rotational underthrusting and concomitant uneven southward migration of the Asian crust 3, 4 , along-strike wide variation of the Indian plate obliquity (Figure 1 ), and occurrence of seismicity in the mantle-lithosphere of the Indian plate 5 clearly account for lateral changes in the dynamics/kinematics of the Himalaya. Although several studies involving gravity modelling were carried out for Nepal-Sikkim Himalaya [6] [7] [8] [9] [10] [11] [12] [13] , the present study analyses the Bouguer gravity anomaly along a strike-orthogonal profile passing through the epicentre of the 7.9 magnitude Nepal earthquake for a detailed understanding of the spatial distribution of its aftershocks and other great shocks in this part of the Himalaya ( Figure 2 ). The geometries of different layers in the descending Indian plate and the southward converging Asian crust ( Figure 1 ) were initialized by other studies for minimizing the non-uniqueness in the modelling using Bouguer gravity anomaly data along the profile. Depth distributions of the Nepal mainshocks and aftershocks have been inspected in the reconstructed Indian lithosphere through gravity modelling. One major shock of magnitude (Mw) 5.0 that occurred in December 2014 has also been considered in the present analysis.
Tectonic framework
The Himalayan range was evolved through continued convergence of the Indian plate against the Asian plate since about 50 Ma (refs [14] [15] [16] [17] [18] [19] . The southward migration of thrust packages along the crustal-scale Main Central Thrust (MCT), Main Boundary Thrust (MBT) and Main Frontal Thrust (MFT) framed this diffused boundary into the present form of the Himalaya 20 . The most recently activated thrust plane, MFT, particularly accommodates the deformation of the southward migrating landmass 21 . The MCT, MBT and MFT invariably terminate at northerly dipping basal detachment (i.e. decollement, figure 2 d of Schulte-Pelkum et al. 22 ) named the Main Himalayan Thrust (MHT). The Indian continental plate penetrates along the base of this thrust plate (i.e. MHT) towards the north below the Himalaya and southern Tibet 5, [23] [24] [25] [26] [27] [28] [29] [30] [31] . Convergence of the Indian plate varies significantly between ~4.2 and 5.4 cm/yr (refs 32-34) . This has caused the loading of the upper and middle layers, and further created compression and resulted in the flexure of the leading portion of the penetrating lithosphere, which subsequently allowed thickening of the Asian crust towards the northern part of the Himalaya 7 . The lithospheric strength partially supports the weight of the elevated mountains, and distributes the flexing load down near the front to evolve a basin 35 . An increase in gravity gradient from the Indo-Gangetic Plain (~1 mGal/km) to the Greater Himalaya (GH) (2 mGal/km) accounts for more steepening of the Moho (i.e. ~2-3 to ~10-15) from the Lesser to Greater Himalaya 1 . Elevated topography like mountain belts normally exerts a force upon the adjacent plates 36 . The force exerted on the neighbouring lowlands can be computed based on the elevation of topography and contrast in the crustal thickness 37 . Seismic experiments show that the thickness of the crust increases to 70-80 km towards the north near southern Tibet 25, 38 , and the Tibetan Plateau exerts a large force against the Indian plate 19, 38 . This complies with the isostatic adjustment of this elevated landmass [7] [8] [9] [10] [11] 19, 39, 40 . The epicentral parameters of these 611 events were compiled from the catalogue of the Indian Society of Earthquake Technology (ISET) 41 , International Seismological Centre (ISC) and US Geological Survey (USGS). Initially, 1755 earthquake events were compiled from the catalogues of ISC and USGS for the period from 1964 to 2012, and 81 events for the period from 1902 to 1963 from the catalogue of ISET for a region extending from 26N to 34.5N and 75E to 90E. These 1836 events were scrutinized with reference to the central part of the Himalaya (Figure 1 ) and the magnitude restricted to 4.0 and above. The entire process has reduced the number of events to 611, and only three events with magnitude 6.5, 6.0 and 5.7 that occurred in 1945, 1947 and 1961 prior to 1964 were included in the final list for preliminary interpretation. Epicentres of these 611 events are plotted on the map ( Figure 1 ) for a basic preliminary understanding of the relative concentration of seismicity in different parts of the Central Himalaya. Epicentres of historical damaging earthquakes predominantly concentrated in the area of clustered seismicity ( Figure 1 ). An earlier study 2 reported that the seismic activities are apparently confined in some specific segments along the arc as noted in Figure 1 . Depth-section study indicates (Figure 2 ). Location parameters of these events, except the focal depth of Mw 7.9 mainshock, were collected from the USGS catalogue. These earthquake data motivated us to understand the tectonogenesis behind the occurrencs of the two great earthquakes. The 2015 Mw 7.9 mainshock source zone (focal depth: 15 km, Avouac et al. 42 ; 16 km, Grandin et al. 43 ; 17.5-21 km, He et al. 44 ) accompanied maximum dislocation of 15-17.6 km (ref. 45 ) and tapering of slip at 15-20 km depth 46, 47 between MBT and MCT. These widely varying results allowed us to choose a depth of ~16 km of the 2015 Mw 7.9 mainshock. The aftershocks were found to be reasonably clustered in the area surrounding the epicentre of the 25 April mainshock. The other mainshock of 12 May likely happened at the eastern boundary of the area of aftershock distributions. The epicentres of both these events were also near those of the 1833, 1934 and 1988 great damaging earthquakes (Figures 1 and 2) .
Study of seismicity and source mechanisms
Focal mechanisms of seven earthquakes having Mw  5.0 ( Figure 2) were taken from the Harvard CMT Catalogue. Mechanisms show that tectonic processes were dominated by thrust movements on approximately northward-directed dipping planes with inclination of not more than 24. One event, apparently a foreshock, occurred on 18 December 2014 on a 26 dipping thrust plane along the N-S direction. Small strike-slip motions associated with few aftershocks, located at the eastern end of the event distributions, might indicate an eastward shift of the accomulated stress after the incidence of the 25 April mainshock. It is also clear from focal mechanisms that the maximum compressive stress axes (P) are dipping shallowly and directed along ~SSW-NNE and account for convergence of the Indian plate against the Asian landmass. It may be noted from Figure 2 that past the area of seismicity distribution towards north, the Bouguer gravity anomaly sharply decreases, which can only be resolved through visualization of the hypocentre distributions of the events. Further, a 2D gravity modelling has been carried out to find their association with different layers in the descending Indian lithosphere.
Gravity modelling
Bouguer gravity anomaly data were compiled from EGM2008 gravity model. The gravity map was reconstructed following the exercise of Bouguer correction and terrain corrections. Although the Bouguer anomaly data were consistent with terrestrial data, the high frequency content of the signal was filtered out. Two-dimensional modelling was carried out along a profile perpendicular to the strike of the Himalaya, passing through the MFT, MBT, MCT, STD, etc. The initial layer parameters were considered after some studies in the literature 5 24, 27, 29 . With the adopted layer parameters, a preliminary model was reconstructed using Geosoft Oasis Montaj 8.4. Subsequently, densities and geometries of different geological units were modified through various steps of the iteration process. At each iteration, the fit between the observed and calculated responses was estimated and rms error reduced to 3.844 for the final model (Figure 3) . The gravity modelling indicates that the Conrad, between IUC and ILC, Moho and MHT are dipping shallowly below the IGP, Siwalik and Lesser Himalaya, in agreement with the observations of Nábělek et al. 5 and Schulte-Pelkum et al. 22 . The dips of these crustal boundaries sharply increase towards the north beyond the Lesser Himalaya. The increasing gradients of the dips of different crustal layers beneath the GH reduce significantly past the TH towards southern Tibet. The Moho with average depth of 42 km near the IGP increases rapidly towards the north and reaches ~74 km beneath southern Tibet, documenting a locus bending with simultaneous loading of the Asian crust beneath the GH. Similarly, the ~25 km average depth of boundary between IUC and ILC beneath the Siwalik Himalaya (SH) sharply increases towards the north, and reaches ~50 km past GH. Change in depth of upper surface of the IUC is also quite sharp from SH (~11 km) to GH (~21 km).
Discussion and conclusions
The distribution of seismicity is critically examined below the different tectonic provinces of the Himalaya. Distinctive variation of seismicity distribution is apparently identified in different tectonic domains both from south to north and shallow to deeper levels in the converging Indian and Asian lithospheric plates. The region adjacent to the Lesser Himalaya (LH) recorded maximum concentration of seismic events (Figures 2 and 3) . Further, most of the aftershocks, including the two mainshocks were confined within the IUC, and associated with the flexing segment of the converging Indian plate. Further, the ~12 average dip of the crustal layers between LH and GH reasonably complied with the ~11 average dip of the rupture planes of major shocks (Mw > 6.5) . The hypocentres of the great 1833, 1934 and 1988 historical earthquakes were apparently located within the ILC and near its upper boundary (Figure 3) . Although the great earthquakes were interpreted to be associated with the MHT 42, 54, 55 , the role of the flexing segment of the converging Indian plate behind the occurrence of two recent great Nepal earthquakes cannot be ruled out. The occurrence of the great earthquakes in the zones of depressions towards the Himalayan foothills (Figure 1 ) might account for segment-specific distribution of earthquake events 2 . The intersecting basement ridges to the foothills of the Himalaya apparently inhibit the occurrence of great earthquakes. Similar inferences were also drawn elsewhere along subduction margins [56] [57] [58] . The bending portion of the lithosphere was probably the high-strained zone of stress accumulation 59 , and deformed severely before the mainshock. The lower seismic b-value (estimated using earthquake magnitude-frequency empirical relation [60] [61] [62] ) and minimum Indian plate obliquity (~0) support the accumulation of high compressional strain Figure 2 . Other abbreviated terms are discussed in Figure 1 and Table 1. energy in the ILC of the Indian plate, which was released through generation of two mainshocks and a number of aftershocks. The present results also corroborate the views of Pandey et al. 63 . Strain energy dissipation occurring through the flexing zone of the subducting lithosphere was estimated elsewhere to be about ~60% (ref. 64) . The maximum strength of the oceanic lithosphere along plate margins was found to be an order of magnitude less than the maximum bending stress of the subducting lithosphere. Turcotte and Schubert 65 showed that ~90% of elastic strain energy is released through flexing segment of the subducting lithosphere in form of seismicity, and ~10% is used for its supporting with hardly any deformation. Intraplate origin of such great earthquakes along the subduction margin was also proposed elsewhere [66] [67] [68] . The moment release characteristics during rupturing associated with the 25 April mainshock 69 clearly showed lower values for the initial ~15 sec, increasing gradually for the next ~10 sec, and later released drastically during remaining ~25 sec (Figure 2) . The slow initiation of rupturing was possibly confined in the 6 km thick anisotropic fabric in the IUC near the zone of locked to stable sliding 22, 30, 31, 70 . A threestage fracture mechanism may be suggested for this rupture progression. An early nucleation process for ~15 sec (quasi-static crack growth) moved up with partial failure in the uppermost part of the IUC for the next ~10 sec, and finally, the fracture tip migration followed fast during deformation for a further ~25 sec till it reached to the overlying Asian crust 71 . In the present gravity model, the upper surface of the 6 km thick anisotropic layer appears to be dipping at a depth of ~7 km near the MFT to a depth of ~11 km near the MCT (Figure 3) . Grandin et al. 43 identified a slow nucleation process of rupturing for the first 10 sec for this 2015 mainshock. Wang and Mori 72 , based on global dataset showed that the rupture slowly progressed with 1.0 km/sec speed for the first 20 sec, and later migrated with a higher speed of ~3.0 km/sec for the remaining 30-40 sec. These agree with the global observations that indicate a slow initiation and very fast expansion. The frictional sliding involving fracture along the fault contact in the upper brittle crust presumably caused the Himalaya to abruptly move southwestward towards the Indian plate by ~4.8 m (refs 73, 74) .
